ABSTRACT
INTRODUCTION
Basic science research in biology for the past 50 years has been determining the functions of gene products using classical approaches that typically involve studying one or a few genes at a time. However, the complete sequencing of genomes revolutionized the manner in which biological research is conducted. In the field of genomics, it is now possible to prepare microarrays that probe the expression of thousands of genes and even the entire gene repertoire of a single organism. Many expression experiments have described the developmental profile of several organisms and alterations associated with different environmental conditions (16) . Mutant banks that contain either a deletion or inactivating construct for every gene in the genomes of many different organisms have recently been described or are underway (5, 8, 10, 27) .
More recently, attention has turned to proteomics, the study of proteins and their activities expressed by a given genome. It is important to study proteins rather than just genes because (i) protein levels and activities can differ significantly from RNA levels, (ii) many functions of genes can only be readily studied using biochemical techniques, and (iii) much regulation of gene activity occurs at the protein level, including protein stability, modification, and localization. Below we discuss the current high-throughput methods for the global identification of protein abundance and protein localization. Approaches for revealing protein function through protein-protein interactions and large-scale biochemical assays are presented. Finally, we will discuss how bioinformatic analyses of proteomic data are critical to understanding biological problems.
Many of the projects described below use the budding yeast, Saccharomyces cerevisiae. Yeast, the first fully sequenced eukaryote, has a relatively small genome size and number of predicted genes (approximately 6300 genes have been annotated) (9) . Approximately two-thirds of yeast proteins have similarity to those of vertebrates, indicating that what is learned from yeast will be relevant to humans. As such, many of the methods and information gained from working with yeast can be transferred to other organisms.
PROTEIN ABUNDANCE
Gene expression is a highly regulated process that is influenced by genotype, environment, and cell type (22) . Global analysis of protein levels can provide clues as to cellular processes that occur during development and how cells respond to environmental conditions and differ between normal and disease tissues.
Traditionally, protein abundance has been examined using 2-D gel electrophoresis (2D-GE) in which complex protein mixtures are separated into several thousands spots (24) . In the first dimension, proteins are isoelectrically focused in a pH gradient, allowing for separation based on pI. In the second dimension, proteins are separated in a mass resolving gel. By staining the gel with protein-binding dyes, semi-accurate determinations for the numbers and masses of expressed proteins can be determined. However, there are two problems with this approach. The first is that the resolution of gel electrophoresis is limited. Second and more importantly, the identity of the expressed protein remains unknown.
The coupling of 2D-GE to mass spectrometry (MS) provides for both precise mass determination and protein identification ( Figure 1 ). Accurate mass determination is best gathered when mass mapping is coupled to matrix-assisted laser desorption ionization (MALDI) or electrospray ionization (ESI) time-offlight (TOF) MS. Typically, a protein sample is cut from a gel, digested with a specific protease (e.g., trypsin), and the resulting peptides are accurately sized by MS and compared to predicted sizes of all the proteins present in the databases. The high-resolution mass determination of the peptides allows accurate identification if several peptides closely match the expected peptide profile of proteins in a database. More recently, the use of tandem mass spectrometry (MS/MS) has become a more popular method of protein identification (2,11) ( Figure 1 ). Tandem mass spectrometry involves the separation of a peptide mixture in the first MS; individual peptides are isolated in the mass spectrometer and fragmented at their peptide bonds, and the fragments are sized in the second MS. The fragmentation pattern allows determination of the peptide sequence, which, when compared to those predicted in the database, allows for the direct identification of a protein.
Recent improvements in separation methods have alleviated the need for 2-D gels, a time-consuming, low-resolution, and labor-intensive process. Liquid chromatographic (LC) methods in which separation columns are directly linked to the MS allow protein mixtures or a mixture of tryptic digests to be directly separated in the columns and fractions injected into the MS for separation (24) . The use of tandem MS (LC/MS/MS) further allows the direct identification of each peptide. This process, which takes several hours to one day, allows the relatively rapid analysis of protein mixtures. One problem with these approaches is that not all proteins present in a mixture are quantitatively separated in peaks; thus, although it is useful for determining which proteins are present, their relative abundance is more suspect.
To circumvent this problem, several groups have developed MS methods for accurately determining relative amounts of proteins in two samples (e.g., proteins isolated from cells grown in two growth conditions or in normal versus disease states). This involves labeling proteins from each source with a different isotope. One group does this by incubating cells in medium containing either a N 14 or N 15 nitrogen source (26) . Peptide mixtures from two samples are mixed and subjected to LC/MS/MS. Proteins that differ in the two mixtures can be rapidly identified and sequenced. The other group carries out a similar approach but labels the proteins in vitro after isolation with either an isotopecoded affinity tag or a solid-phase isotope tag (12, 32) (Figure 2) . Briefly, cysteinyl-containing proteins/peptides are specifically labeled with a mass tag that contains seven hydrogen (d0) or seven deuterium (d7) atoms. By linking the mass tag to either biotin or a solid-phase support, the labeled proteins can be purified, thus simplifying the mixture. Proteins/peptides are then subjected to LC/MS/MS and analyzed as described above. Both of these approaches show considerable promise for analyzing relative protein expression.
PROTEIN MODIFICATION
To date, more than 200 posttranslational modifications have been described (19) . One approach for identifying both the type of modification and position on the protein is mass spectroscopy. MS is ideally suited for this approach because it is extremely sensitive. Proteins expressed at low levels having few modifications can be detected.
So far, this approach has been used primarily to measure protein phosphorylation. Typically, a protein of interest is isolated using an affinity tag or an anti- Figure 1 . MS methods for protein identification. A protein mixture is usually treated with a proteolytic enzyme (e.g., trypsin) to fragment proteins into peptides. The resulting peptides can be subjected to either MS or MS/MS for protein identification. In MS, the samples are ionized in the ionization chamber, analyzed by mass/charge (m/z) ratio in the mass analyzer, and detected by the ion detector. In MS/MS, peptides are fragmented in the collision cell at their peptide bonds before entering the second MS. Better sample resolution can be achieved by processing proteins/peptides before running MS. This is achieved by 2D-GE and gel purification of protein bands before tryptic digestion. Also, passing peptide mixtures through LC columns or capillary electrophoresis (CE) before MS decreases the complexity of the sample and increases confidence of protein identification.
body. The protein is digested with a protease such as trypsin and the resulting peptides analyzed using MALDI or ESI MS. A phosphorylated peptide will have a molecular weight that is 80 Da greater than the nonphosphorylated form. To determine the location of the modification, the peptide mixture can also be subjected to MS/MS. Sequencing of the peptide reveals the modified residue.
Recently, several approaches have been described that perform large-scale analysis of protein phosphorylation; these take advantage of the fact that many phosphorylated peptides exhibit tight affinity to specialized immobilized metal affinity columns (4, 25) . These columns contain iminodiacetic or nitrilotriacetic acid resins activated with either Fe 3+ or Ga 3+ . In one recent study, peptides from a yeast extract were bound to an immobilized metal affinity column, washed, and eluted, and the phosphopeptides were subjected to MS. These researchers were able to identified 383 sites of phosphorylation on 216 peptide sequences (4) . Most of these modifications were novel, reflecting the fact that little is known about protein modification on a large scale.
PROTEIN LOCALIZATION
Knowing that a protein is expressed does not provide information about activity. The localization of a protein within the cell is, however, a step closer to revealing function (Table 1) . For example, a protein that localizes to the mitochondria or spindle pole likely has a role in respiration or microtubule function, respectively. The fact that a protein localizes to a specific subcellular compartment is also informative in that it tells us what roles it most likely does not have. This is very powerful when integrating diverse datasets (see below). Ascribing function based on localization is crude but certainly better than just knowing that a protein is expressed.
Perhaps the best example of a largescale protein localization study was undertaken in S. cerevisiae. A majority of the yeast proteome was epitope-tagged by several methods, and the subcellular localization of 2744 yeast proteins was determined by high-throughput immunolocalization and fluorescence microscopy (20) . It is estimated that approximately 47% of the yeast proteome is cytoplasmic, 20% transmembrane, 27% nuclear, 13% mitochondrial, and 13% exocytic (endoplasmic reticulum and secretory vesicles). Almost 1000 of the localized proteins are of unknown function. The localization of these proteins should help in designing phenotypic screens and assays aimed at further elucidating their function.
Ziauddin and Sabatini (35) have recently described a "reverse transfection" protocol for transfecting mammalian cells on microarrays for analyzing a variety of activities including subcellular localization. Protein expression constructs are printed on slides with a standard arrayer. Subsequently, the microarray is coated with transfection reagent and then immersed in a plate of actively growing cells for approximately two days. On the slide, cells attach to the surface and take up the expression plasmid printed in that area. After a period of approximately two days, the cells are fixed, the proteins are detected by indirect immunofluorescence, and their locations are determined with a fluorescence scanner. Nuclear localization of the known transcription factors (ETR101, MEF2C, and SP1-like transcription factor) was observed. This approach is very attractive because in principle approximately 10 000 different localizations could be performed on one slide.
Determining sites of protein localization is most reliable when protein loProteomic Technologies Figure 2 . Protein quantification by solid-phase isotope tagging. Protein abundance is measurable using an isotope tagging methodology coupled to MS. (A) Solid-phase isotope tag structure. The tag contains a SH-reactive group that binds to cysteinyl-containing proteins covalently attached to a leucine molecule either containing seven hydrogens (d0) or seven deuterium atoms (d7). This SH-reactive mass tag is linked to beads through a photocleavable linker. (B) Quantification of protein abundance between two samples is achieved by first trypsinizing the samples, reducing the proteins to increase reactivity with the mass tag, and then capturing peptides with either d0 or d7 mass tag beads. After an incubation period, the samples are mixed, washed, and then exposed to light to cleave the linker. The eluted samples are passed through an LC column before MS/MS protein identification and quantitation. calization patterns are observed under normal levels of gene expression. However, for many proteins, sites of protein localization can only be determined when genes are overexpressed. Caution should be taken when interpreting such data because spurious localizations may arise from gene overexpression.
PROTEIN-PROTEIN INTERACTIONS
One very popular method for elucidating protein function and deciphering the biochemical and regulatory pathways in which proteins function is to determine interacting partners. By identifying interacting partners of known function with those whose role is uncharacterized, it is often possible to infer the biological process and/or activity of the uncharacterized protein.
The most popular method for detecting protein-protein interactions is the two-hybrid approach (Table 1) . In these assays, a protein is fused to a DNAbinding domain and tested for interaction in yeast against a panel of constructs that have coding sequences fused to a transcriptional activation domain. A positive protein-protein interaction is recorded through the activation of a reporter gene(s) (Figure 3A) . This approach has now been applied to several organisms, including two largescale efforts for the budding yeast S. cerevisiae (18, 30) . These studies have revealed more than 5100 protein-protein interactions and established a large network of interactions. This network has many clusters in which many proteins of similar function group together. Proteins that have not been characterized that fall into these groups are inferred to have the same function as other members of the group ( Figure 3B ). Using this approach, functional predictions could be made for 364 proteins of unknown function (28) .
It is important to note that this procedure has a considerable number of both false positive and false negatives. ly because the screens were not comprehensive. Moreover, of the interactions revealed, only approximately 50% are expected to be true interactions (29) .
An alternative high-throughput method for revealing protein-protein interactions for large numbers of proteins has recently been described. This method involves affinity purification of proteins coupled with their identification using mass spectroscopy ( Figure 4 and Table 1 ). Using this approach Gavin et al. (6) and Ho et al. (15) identified a number of protein complexes from S. cerevisiae. Independent purification of approximately 600 complexes from each study showed that approximately 80% of the purified baits contain copurifying proteins. Gavin et al. (6) report complexes ranging from 2 to 83 components. This reflects that this approach allows for the purification and identification of proteins in both small and large complexes. In addition, the approach is very sensitive in that proteins expressed at only 15 copies per cell are observed in protein complexes.
As with the two-hybrid approach, analyses of the datasets allowed for the identification of numerous protein complexes that could be linked through common copurifying proteins. Proteins of similar function were observed in complexes, and proteins of unknown function that purified with proteins of known function could be assigned potential functional roles.
These datasets provide crucial information regarding multiprotein assemblies within the cell that have not been obtained by two-hybrid analyses alone. A drawback of this approach is that only stable protein-protein interactions are likely to be observed. Weak or transient interactions for binary protein complexes most likely will not survive the purification process. However, multiple weak interactions may be stabilized within larger protein complexes. Another consideration is that similar purification conditions are used for the isolation of protein complexes. Because stringent washing conditions are not used, it is likely that these datasets, like two-hybrid, also contain a high number of false positives.
In summary, both two-hybrid and mass spectrometric identification of copurifying proteins in yeast have generated extensive proteome protein interaction maps. These maps provide a global view of the networks that link biological pathways in the budding yeast S. cerevisiae.
HIGH-THROUGHPUT SOLUTION SCREENING FOR BIOCHEMICAL ACTIVITIES
Innumerable proteins and their corresponding genes have been identified through biochemical fractionation coupled with a specific assay for protein activity. A high-throughput version of this approach was used to reveal biochemical activities for proteins from S. cerevisiae (23) . Briefly, Martzen et al. (23) generated a library of GST-fusions, transformed the library into yeast, prepared pools of strains expressing different yeast genes fused to GST, purified proteins from the pools, and assayed the pools for desired activities. Using this approach, they identified activities (a cyclic phophodiesterase, an Appr-1″-pprocessing activity, and a cytochrome c methyltransferase) for three previously uncharacterized genes. This approach has also been used to identify genes that code for sequence-specific DNA-binding transcription factors (14) .
GLOBAL ANALYSIS OF BIO-CHEMICAL ACTIVITIES USING PROTEIN MICROARRAYS
More recently, it has been possible to analyze the activities of thousands of proteins using protein microarrays (21, 33, 34) . Protein microarrays contain defined set of proteins spotted and analyzed at high density ( Figure 5 ). These have enormous potential for protein profiling and analyzing biochemical activities on a very large scale (Table 1) . Two types of protein arrays have been generated: antibody arrays and functional protein arrays. Antibody arrays are used for protein profiling in which protein abundance and/or alterations are measured (13) . In this approach, protein mixtures are exposed to an antibody array that reacts with a number of components of the mixture. Each antibody binds its protein antigen, which is usually detected using a second antibody to the protein. In this manner, the amount of protein can, in principle, be quantified simultaneously for large number of samples and among different cell and tissue types. It can also be used to detect specific protein modifications. The biggest hurdle with this approach is the preparation of high-quality antibodies. Most antibodies are not specific enough for these assays. For this reason, antibody arrays for thousands of proteins have yet to be generated.
Proteomic Technologies
Functional protein arrays contain proteins arrayed on a solid surface and can be used to screen many proteins for function. The first proteome-wide analyses of biochemical activities were (34) .
Another promising chip technology involves the use of gold-modified slides to present peptides (17) . After arraying a src peptide substrate and peptide controls and incubating the slide with c-Src kinase, it was observed by phosphorimaging, scintillation counting, surface plasmon resonance, and immunofluorescence that only the src substrate is phosphorylated. In addition, Houseman et al. (17) show that kinase inhibition experiments can be performed directly on the array. The compatibility of several detection methods with PDMS chips or gold-modified glass slides makes these supports attractive alternatives to standard commercially available glass slides. In addition, the microwells of PDMS chips offer the ability to do solution/mixing-type experiments in a highthroughput format. In addition to performing binding and enzymatic assays on slides, protein chips could also be used to detect posttranslational modifications. For example, phosphoproteins or glycosylated proteins could be detected using phosphospecific antibodies or lectins respectively. Antigen-antibody interactions are readily detectable on protein arrays (13) . The drawbacks of proteome chips are the time and cost of producing expression clones for an entire proteome. Also, the long-term stability of proteins on slides remains to be determined. It will be challenging to determine the extent to which proteins are properly folded/functional when immobilized.
DATA INTEGRATION
The various projects described above have generated a wealth of information, particularly for yeast. There is currently considerable interest in integrating the data from the various studies for two reasons, accuracy and coverage. Most of the studies described above have high false-positive and even higher false-negative rates. For example, it is estimated that approximately 50% of two-hybrid interactions do not occur in vivo (although this is difficult to prove). An even greater problem is false negatives, since most studies are not comprehensive. By integrating the information from a variety of studies, both better coverage and increased confidence in functional assignments can be achieved. The yeast interaction studies provide an example of this issue. Of approximately 80 000 interactions found from different high-throughput methods, only approximately 2400 interactions are found by more than one study (31) . However, when interactions are found by multiple approaches, particularly different approaches, their accuracy is increased significantly. For example, by adding yeast protein localization information to the analysis of yeast interaction datasets by removing interactions of proteins that are localized in different subcellular compartments, the accuracy of the data increases 3-fold, with very little loss in coverage (7) .
In summary, by combining diverse approaches and datasets, our understanding of proteomes can be increased significantly. Advances in chemical profiling and functional expression analyses with microarrays will certainly complement existing proteomic approaches (1, 35) . Further integration of this information will help us to understand biological pathways and basic cell processes in both single-cell and multicellular organisms.
